A new type of ion trap is used to measure the radiative lifetime of the NO ϩ (a 3 ⌺ ϩ ) metastable state. The ion trap is designed to store ion beams with an energy of a few keV and is well suited for the study of metastable states. The measured value for the radiative lifetime is r ϭ760Ϯ30 ms, in good agreement with the last experimental values of Calamai and Yoshino ͓J. Chem. Phys. 101, 9480 ͑1994͔͒, and with the theoretical value of Kuo et al. ͓J. Chem. Phys. 92, 4849 ͑1990͔͒.
I. INTRODUCTION
It is well-known that the reactivity of gas phase ions is a strong function of their electronic excitation. However, since most of the electronic excited states have very short lifetimes ͑Ͻ1 s͒ compared to typical collision times, one usually assumes the reactivity of these ions to be mainly determined by the properties of the electronic ground state. This approach fails for several light ions where electronic states with much longer lifetimes ͑Ͼ1 ms͒ are found. Even the existence of molecular ions with lifetimes of many seconds are wellknown. Among these, NO ϩ is an important case since it is one of the major ionic constituents of the upper atmosphere. 1 The electronic states of NO ϩ , which have been reviewed by Albritton, Schmeltekopf, and Zare, 2 are in the spin-orbitcoupling scheme separated by means of the electron spin multiplicity into singlet and triplet states. The energetically lowest singlet state is the X 1 ⌺ ϩ ground state, and the lowest triplet state is the a 3 ⌺ ϩ state, 6.4 eV above the ground state. Due to spin selection rules, the transition from the a 3 ⌺ ϩ state to the X 1 ⌺ ϩ state has to proceed through perturbation by other electronic states, yielding a long lifetime for the a 3 ⌺ ϩ state.
The lifetime of the a 3 ⌺ ϩ state has been the subject of five different experiments [3] [4] [5] [6] [7] producing results which differ by about an order of magnitude. The theoretical values of the a 3 ⌺ ϩ lifetime 4, 8, 9 also vary widely, indicating that the lifetime is extremely sensitive to the perturbation due to the other states. Table I presents a comparison of experimental and theoretical values. Four of these measurements [3] [4] [5] [6] of the NO ϩ (␣ 3 ⌺ ϩ ) metastable-state lifetime were performed using ion traps to store the ions and measure the decay of the reactivity of the stored ions with a monitor gas such as CO 2 or Ar. Calamai ϩ ions undergoing charge exchange collisions. This trap allows storage of ion beams with energies of a few keV, unlike other ion traps where the particles are usually stored as a ''cloud.'' Since the stored beam has a well-defined direction in space, the particle detection efficiency is greatly enhanced. The advantages of this ion trap for the study of long-lived ͑Ͼ1 s͒ metastable states will be outlined in the description of the experimental setup.
II. EXPERIMENT

A. The linear ion trap
The apparatus, shown schematically in Figs. 1 and 2 , is an all-electrostatic ion trap which can store ion beams of keV energies. A detailed description of the ion trap can be found in Refs. 10 and 11: In the present experiment, a 4.2 keV NO ϩ beam is created by an electron impact ion source working at a pressure of a few hundred mTorr. The ion beam is mass selected both by a velocity filter located at the exit of the ion source, and by a 20 deg deflection magnet. After proper focusing and collimation, the ion beam is injected into a linear trap made of two sets of electrostatic electrodes. A schematic drawing of the trap is shown in Fig. 2 . The electrode voltages can be rapidly switched on or off, to allow for the beam to be injected through the ''entrance electrodes.'' The voltages of the ''exit'' electrodes are kept at their nominal values 11 so that the ions are reflected back towards the entrance electrodes. At a well-defined time, the entrance electrode voltages are switched on, and the particles are trapped between the two ''electrostatic mirrors.'' The stability of the trap has been proved to be similar to an optical resonator made of two symmetrical mirrors with focal length f. In such a case, the stability condition is given by 
where L is the distance between the two mirrors. The geometrical configuration of the trap, as well as the potentials of the different electrodes, are set as to create an electric field which is strong enough to reflect the beam, and to provide a focal point as required by Eq. ͑1͒, for ions stored close to the optical axis of the trap. 10, 11 The distance between the two sets of electrodes is about 40 cm, so that the oscillation period of a 4.2 keV NO ϩ ion is Ϸ5 s. Since the innermost electrodes in the trap are grounded, the central part of the trap is a field-free region.
The limitation on the lifetime of the ions in the trap is due to collisions with the residual gas, which mainly lead to the neutralization or dissociation of the stored particles. With a pressure in the range of 10 Ϫ11 Torr, the lifetimes for most ions is about 10 s. 11 The pressure in the trap, which in this regime is known to consist mainly of hydrogen, can be controlled by small changes in the temperature of the trap chamber. As soon as a stored ion is neutralized due to electron capture from the residual gas, it is no longer trapped by the electric fields of the mirrors, and exits the trap through one of the two sets of electrodes. The particles exiting through the exit side ͑see Fig. 2͒ hit a microchannel plate ͑MCP͒ located downstream ͑see Fig. 1͒ , and their rate is measured as a function of storage time. The obtained decay curve for stable ions can be described by a single exponential with a lifetime
where N(t) is the number of ions stored in the trap at time t. The coefficient ␣ is the detection probability. The lifetime can be described by
where is the number density of the residual gas in the trap ͑proportional to the pressure͒, v is the velocity of the ions, and is the destruction cross section of the ion due to collisions with the background gas in the trap. An example of such a decay is shown in Fig. 3 for a 4.2 keV beam of Xe ϩ stored in the trap with a vacuum of 3ϫ10 Ϫ10 Torr. In this specific case, a lifetime of ϭ1.6 s is obtained by fitting Eq. ͑2͒ to the curve in Fig. 3 . This lifetime is found to be inversely proportional to the trap pressure, as indicated by Eq. ͑3͒.
B. Measurement of metastable state lifetimes
The basic idea behind the measurement of the lifetime of the a 3 ⌺ ϩ metastable state of NO ϩ using the trap described in Sec. II A is to utilize the difference between the destruction cross sections for the a 3 ⌺ ϩ state and X 1 ⌺ ϩ ground state. This difference leads to a time dependence of the ion loss rate, which in contrast to Eq. ͑2͒ also depends on the lifetime of the metastable state, as will be explained below. Although the method described here is for the specific case of NO ϩ , it is in fact general and can be applied to any atomic or molecular ion with significantly different destruction cross sections for the metastable and ground states.
As pointed out in the previous section, the main loss process for the ions in the trap is the charge-transfer reaction with the atoms or molecules of the residual gas in the trap. Wilcox transfer cross sections for beams of NO ϩ of a few keV colliding with a variety of atomic and molecular targets, and have demonstrated that the metastable state has a much larger cross section than the ground state of NO ϩ . The basic reason for this difference is that the electron capture process at keV energies is strongly influenced by the energy defect in the charge transfer. Assuming that the electron is mainly captured into the X 2 ⌸ ground state of NO, the energy balance is changed dramatically if the initial state is the a 3 ⌺ ϩ metastable state or the X 1 ⌺ ϩ ground state. In the present experiment, the NO ϩ ions are produced in the ion source in a broad distribution of excited states. 5 However, except for the a 3 ⌺ ϩ state, all the other electronic excited states have short lifetimes, 7 and after ϳ10 ms, it is expected that all the singlet states will have decayed to the X 1 ⌺ ϩ ground state, and all the triplet states to the a 3 ⌺ ϩ state. For simplicity, vibrational excitation, which takes typically a few hundred milliseconds to decay, is neglected in the following description, but its influence will be discussed in detail in Sec. IV. The NO ϩ beam can then be treated as a two-level system, and the time-dependent population of these levels is characterized using three independent lifetimes or decay rates. The first decay rate k r is related to the radiative lifetime k r ϭ1/ r of the a 3 ⌺ ϩ state, which is the quantity of interest. The two other decay rates, k e and k g , are related to the destruction cross sections ͑due to collisions with the various constituents of the residual gas in the ion trap͒ of the excited a 3 ⌺ ϩ and ground X 1 ⌺ ϩ state of NO ϩ , respectively. These decay rates are given by
where e and g are the destruction cross sections for the a 3 ⌺ ϩ metastable state and for the X 1 ⌺ ϩ ground state of NO ϩ , respectively. It is important to note that both k e and k g are directly proportional to the number density , i.e., to the background pressure in the trap, so that the ratio
The time-dependent behavior of the excited and groundstate populations of NO , N e (t) and N g (t), can be described by two simple differential equations which take into account the loss rates of both the ground and excited states, and the transfer of population from the excited state to the ground state where N g 0 and N e 0 are the ground and excited state populations at time tϭ0.
The count rate measured by the MCP located at the exit of the ion trap ͑see Fig. 1͒ is given by Given that the decay rates k e and k g are not identical and that the initial population in the excited state N e 0 is nonzero, Eq. ͑8͒ describes a double exponential decay curve. Note that the coefficient preceding the fast component can take positive or negative values, thus giving rise to either an exponential decrease or increase of the measured count rate due to the fast component. The radiative decay constant k r can be obtained from a set of such decay curves taken for different background pressures, because both k e and k g depend linearly on the background pressure. Thus, measuring (k r ϩk e ) and k g for different pressures and extrapolating to zero pressure, the radiative decay constant can be determined. Specifically, using Eq. ͑5͒ the connection between the quantities (k r ϩk e ) and k g is given by ͑ k r ϩk e ͒ϭk r ϩ e g k g . ͑9͒
Plotting (k r ϩk e ) versus k g , one therefore expects a straight line which intersects the abscissa (k g ϭ0) at the value of k r .
III. RESULTS
Using the system described above, typically 2ϫ10 4 NO ϩ ions with a kinetic energy of 4.2 keV were injected and stored in the ion trap. The decay rate of the ions was monitored using the MCP located at the exit of the ion trap ͑see Fig. 1͒ . The results were averaged over a large number ͑a few thousand͒ of injections. The measurements were performed at four different background pressures in the trap, thus varying the collision lifetimes of both the excited and ground electronic states. Figure 4 shows the measured rates for the four different pressures. The decay curves shown in this figure are obviously different than the one observed for the stable Xe ϩ beam as shown in Fig. 3 , and the presence of an additional fast decay component for time tϽ1 s is visible. Using 2 -minimization, each decay curve in Fig. 4 Fig. 5͒ a linear dependence is observed, as expected from Eq. ͑9͒. The extrapolation to k g ϭ0, using a straight-line fit, of several such curves obtained for different fit boundaries yields a collision-free radiative lifetime for the a 3 ⌺ ϩ state of r ϭ760Ϯ30 ms. The assigned error bar contains two contributions; it has been primarily determined from the statistical uncertainties of the 2 -fits to double exponential functions. However, as the ratio between the two decay constants is only one order of magnitude or less, the result of the 2 -minimization depends slightly on the boundary conditions given to the fits. As mentioned above, this effect has been included in the derivation of the radiative lifetime; and an additional uncertainty has been incorporated in the quoted error bar.
IV. DISCUSSION
The main systematic uncertainty in this measurement is related to the vibrational excitation of the a 3 ⌺ ϩ metastable state. When created in the ion source, the NO ϩ ions are produced with a very broad range of electronic and vibrational excitation. As pointed out in Sec. III, most of the electronic excitation, other than the a 3 ⌺ ϩ state, has decayed after a few milliseconds of storage, so that only the a 3 ⌺ ϩ is left with many of its vibrational levels populated. The relative populations of these levels has been estimated by Marx et al. 5 using Franck-Condon factors, based on the potential curves of Albritton et al., 2 and it was found that levels up to ϭ4 were significantly populated.
However, the measurement performed using the present method is sensitive only to the electronic transition,
The main reason is that the energy differences among the low vibrational levels of the a 3 ⌺ ϩ ͑hundreds of meV͒ are much smaller than the excitation energy of the a 3 ⌺ ϩ state itself ͑6.4 eV͒. Thus, it can be expected that the charge-transfer cross sections will be independent of the vibrational excitation of the upper state. In fact, we have tested this hypothesis by storing a beam of HD ϩ molecular ions in the trap, with an energy of 4.2 keV. HD ϩ is known to be formed with a broad distribution of vibrational levels. Since this simple molecular ion has no metastable states, the lifetime measurement should yield a single exponential curve, which was indeed observed. The influence of the variation in the vibrational population, which is known to decay on a time scale of 400 ms 13 was not observed, confirming the fact that the charge-exchange process is not sensitive to the internal vibrational excitation. Thus, for NO ϩ , internal changes in the vibrational population of the a 3 ⌺ ϩ metastable state should not influence our measurement.
On the other hand, the presence of vibrationally excited states with different lifetimes for the electronic transition a 3 ⌺ ϩ →X 1 ⌺ ϩ do influence the results. In order to search for such an influence, we have used a variable lower limit t min for the fitting of the measured decay curves shown in Fig. 4 . Figure 6 shows the variation of the fast decay time (k r ϩk e ) Ϫ1 as a function of t min , for the measurement taken at Pϭ4ϫ10 Ϫ11 Torr. A large variation in the decay time is seen for 0Ͻt min Ͻ300 ms, clearly demonstrating that this part of the decay curve is composed of more than one exponential decay. However, for t min Ͼ300 ms, the value of the decay time (k r ϩk e ) Ϫ1 is independent of t min . For t min Ͼ900 ms, the contribution of the fast component to the complete decay curve is too small to be significant, resulting in large fitting errors. Similar trends were seen for the measurement taken at the three other pressures. Based on this analysis, we have concluded that for t min Ͼ300 ms, the curves shown in Fig. 4 are well described by the double exponential decay that was derived assuming a two-level system. We therefore associate the obtained collision free decay time with the lifetime of the ϭ0 4 because of the large uncertainty in their measurement. The earlier measurement of Marx et al. 5 yields a lifetime which was much shorter than the result presented here. However, Marx et al. 6 have reinvestigated the decay time using an improved triple-cell ion cyclotron resonance spectrometer, and have reached the conclusion that the previous measurement was erroneous. Their new result 6 ͑see Table I͒ is now in better agreement with Calamai and Yoshino, and with our result. On the theoretical side, only the lifetime estimated by Kuo et al. 4 using first-order perturbation theory turns out to be in very good agreement with our result. The other theoretical values, which are calculated using more sophisticated methods, deviate largely, pointing to the difficulty in identifying and calculating the weak pertubations that lead to the decay of the a 3 ⌺ ϩ state. Hence, we tend to conclude that the agreement between our experimental value and the theoretical result of Kuo et al. 4 is fortuitous.
V. SUMMARY
In this work, the radiative lifetime of the spin-forbidden transition a 3 ⌺ ϩ →X 1 ⌺ ϩ has been measured using a new ion trap technique. The result obtained here supports the value measured by Calamai and Yoshino, 7 as well as the corrected value of Marx et al. 6 From these results, a much more accurate determination of the influence of the metastable a 3 ⌺ ϩ state on the chemical reactivity of NO ϩ should be possible. Based on the comparison with the existing theoretical calculations, we hope that this result, together with the previous ones, will serve as a catalyst for improvement in the theoretical description of the a 3 ⌺ ϩ →X 1 ⌺ ϩ decay. The method used here is quite general and can be applied to the measurement of lifetimes of metastable states, both for atomic and molecular ions. The only requirement is a significant difference between the charge-transfer cross sections for the ground and excited states. Ϫ1 vs fitting parameter t min ͑see the text͒ for the measurement at pressure pϭ4ϫ10 Ϫ11 Torr. 
